The N-terminal ␣/␤ domain (residues 1-162) consists of a parallel 6-stranded ␤ sheet, with relative strand order 165423 (absolute strand numbers 296534), flanked by 4 ␣ helices and an additional ␤ strand (␤1). All ␤ strands are connected via ␣ helices, except strands ␤6 and ␤9, which are separated by a ␤ hairpin (strands ␤7, ␤8). The fold of the N-terminal domain, while reminiscent of the Rossmann fold commonly found in other dinucleo- Figure 1 . Glycerol Oxidation Scheme tide binding enzymes [25] , is in fact quite distinct in structure due to the radically different connectivity. The C-terminal domain (residues 163-370) comprises two "iron-containing" alcohol dehydrogenases, includes subdomains, each one formed from a bundle of ␣ helipolyol dehydrogenases isolated from bacteria [21] and ces. Helices ␣6, ␣7, and ␣8 form a long antiparallel upyeast [22] . This family of enzymes is the least well charand-down helix bundle with a left-handed superhelical acterized, and, to date, no structural data have been twist of approximately 60Њ around the common axis of reported for any enzyme in this group. Analysis of the the bundle. Helices ␣9-␣14 form an antiparallel Greek sequence of B. stearothermophilus glycerol dehydrogekey helix bundle [26] composed of helices ␣9, ␣10, ␣11, nase indicates that it is a member of this iron-containing ␣13, and ␣14. Helices ␣2 and ␣7 are kinked at residues family. Despite this, the biochemical data clearly point Ala46 and Tyr215, respectively, and can therefore, in to a dependence on Zn 2ϩ rather Fe 2ϩ for activity. While principle, be represented as separate shorter ␣ helices. some members of this iron-containing alcohol dehydroAnalysis of the structure shows that a deep cleft is genase family show a dependence on Fe 2ϩ for activity formed between the N-and C-terminal domains, with the (e.g., E. coli propanediol oxidoreductase [23] ), other Greek key helix bundle and N-terminal domain forming members also show Zn 2ϩ dependence (e.g., B. methaopposing faces of the cleft and the ␣6-␣8 bundle formnolicus methanol dehydrogenase [24] ). Thus, it is now ing the floor of the cleft. The Zn 2ϩ ion is bound deep in clear that this nomenclature is probably inappropriate. the cleft and is tetrahedrally coordinated through ionEach of the enzymes in this family appears to require a dipole interaction with amino acid residues Asp173, divalent metal ion for catalysis and to distinguish them His256, and His274 and one water molecule (Zn 2ϩ Ϫ from the medium-chain polyol dehydrogenase family, Asp173 O ␦1 ϭ 2.0 Å , Zn 2ϩ Ϫ His256 N ⑀2 ϭ 2.0 Å , Zn 2ϩ Ϫ which also requires a divalent metal ion; we propose to His274 N ⑀2 ϭ 2.1 Å , and Zn 2ϩ Ϫ W1 ϭ 1.9 Å ) (Figure 3a ). refer to them under the group heading of the family III The analysis of the pattern of sequence conservation metal-dependent polyol dehydrogenases. Further subacross the family III enzymes shows that the three ligroupings under this heading could then be used to gands to the enzyme-bound zinc appear to be condifferentiate enzymes having more closely related metal served in the iron-dependent enzymes of this family, binding or biochemical properties. albeit with differences in the flanking sequences (data In this paper, we report the three-dimensional strucnot shown). At present, therefore, we cannot identify ture of GlyDH to provide structural details of this novel the molecular features that give rise to differences in family of polyol dehydrogenases and to provide insights cation specificity. into aspects of the enzyme's catalytic mechanism and substrate and cation specificity. [10] . Electron microscopy analysis of both the wild-type and S305C mutant of GlyDH from 370 residues. It is composed of 9 ␤ strands (␤1-␤9), 14 ␣ helices (␣1-␣14), 4 3 10 helices, and a number of loops, B. stearothermophilus is consistent with a tetrameric structure comprising four subunits related by four-fold which together fold into 2 domains that are separated by a deep cleft (Figures 2, 3a, and 3b) . symmetry, giving a particle with approximate dimen- sions of 105 ϫ 105 ϫ 30 Å and a large hole around the markably similar to that of the subunits related by the crystallographic four-fold axis. Therefore, we believe it four-fold axis (Figure 4a) . A molecular four-fold axis in GlyDH is also supported by the packing in the crystal, is unlikely that the electron microscopy structure represents a collapsed GlyDH octamer. with the crystallographic four-fold axis c representing the molecular four-fold axis relating subunits A, B, C, The GlyDH octamer has 42 symmetry, and analysis of the crystal packing shows extensive interaction beand D in an identical orientation to that observed in the electron microscopy analysis, giving a particle of tween subunits related by the four-fold axis c and the two-fold crystallographic a or b axes. The solventdimensions 100 ϫ 100 ϫ 30 Å . In the crystal, tetramers of GlyDH related by the crystallographic two-fold axes accessible surface area of an isolated monomer and an octamer have been calculated by using CNS (using the a and b share an extensive buried surface (8.4% of the total solvent accessible area of a subunit), strongly rolling ball method with a probe radius of 1. ). Thus, upon formation of the octamer, approximately 18% of the solvent-accessible prises one subunit of the octamer whose overall dimensions are 100 ϫ 100 ϫ 60 Å (Figure 4) . The difference surface is buried per monomer. The interactions around the four-fold axis involve residues from the antiparallel between the quaternary structure observed by electron microscopy on the one hand and X-ray crystallography helical bundle (helix ␣7 and the turn between helices ␣7 and ␣8) and the loop between ␤2 and ␣1 of subunit A and gel filtration on the other is not clear. The concentration of the protein solution, when applied to the grids, and residues from the Greek key helical bundle (helices ␣10, ␣11, and the loop between them and helix ␣14) was ‫ف‬ 0.1 mg ml The adenine ribose appears to be in a C2Ј-endo conformation, and the ribose O2Ј hydroxyl group can be seen to be involved in a hydrogen bond with the side chain of Asp39, which lies at the end of strand ␤3.
The pyrophosphate moiety of the NAD ϩ lies close to the loop between ␤6 and ␤7 (residues 121-122) and interacts with the glycine-rich turn (residues 94-96) that forms the loop between strand ␤5 and helix ␣4. Hydrogen bonding contacts are made by the pyrophosphate oxygen atoms with the peptide nitrogen atoms of Gly96, Lys97 in this loop, and with the side chain of Ser121 (Figure 6a ). The interaction of the pyrophosphate moiety of NAD(P) with a glycine-rich turn and a following ␣ helix is characteristic of the classic recognition of NAD ϩ by dehydrogenases having a typical Rossmann fold, such as lactate dehydrogenase (LDH) [29] . However, the precise mode of recognition between the nucleotide and LDH and GlyDH is different. While in both GlyDH and lactate dehydrogenase the glycine-rich turn occurs at the C-terminal end of the ␤ strands in the center of the ␤ sheet, the orientation of the nucleotide is quite different. Compared to the nucleotide in lactate dehy- Asp173, is conservatively substituted by Glu194. served and will help resolve the question of the origin of these proteins one way or another. Therefore, the structure of GlyDH poses two evolu- one orientation. Alignment and classification was performed on all was then submitted to maximum likelihood and residual refinement using CNS [48] . Only data with cutoff F O /sigma(F O ) Ͼ 1 were used the particles as one group. For the first alignment run, a well-preserved particle with clear four-fold symmetry was used as a referin refinement, and a low-resolution cutoff was applied at 10.0 Å . A correction for the disordered solvent continuum was also applied ence for alignment of the untilted particles. Using correlation techniques, translational and rotational differences of all images with [50] . Geometric data for NAD ϩ and glycerol were obtained from [51] force constants, and charge distributions were derived from those respect to the reference were corrected. The structural resolution common to all particles was estimated by the use of Fourier Ring available within CNS [52]. Refinement of the binary complex with glycerol and the free S305C correlation and phase residual measurements [38] . The average image of the aligned particles served as the reference for a second enzyme was carried out using the structure of the GlyDH S305C/ NAD ϩ complex as a starting model. The refinement procedures for alignment step, and the resolution limit was calculated to be 22 Å for the averaged projection image of the protein.
Catalysis by DHQS involves further chemical steps resulting in reoxidation of the enzyme-bound NADH cofactor in a process that involves ␤-elimination of inorstructure of its binary complex with GlyDH into an equiv
all structures were similar to those described above. In the final model of the binary complex with NAD ϩ , all residues are The image set was subjected to correspondence analysis [37, 38] . The first six factors determined from the correspondence analypresent, except two residues at the N terminus and three residues at the C terminus. In the refined structure of the free enzyme and sis were used in the classification step. Four classes were generated, the most populated class of 886 particles displaying an unamcomplex with glycerol, the equivalent residues are also disordered. However, in addition, the loop between ␤7 and ␤8 (residues 132-140) biguous four-fold symmetry. Particles belonging to this class were selected for the three-dimensional reconstruction.
is also partially disordered, and some of these residues have also been omitted. Typical rmsd on bond length and bond angles for the The random conical tilt method [39] was applied to reconstruct the three-dimensional structure from the centered tilted particles. refinement structures are 0.01 Å and 1.5Њ, respectively. No residues lie in disallowed regions on the Ramachandran plot. The parameters of the alignment procedure on the untilted particles, i.e., the rotation angle of each particle with respect to the reference, The calculation of rmsd of bond length and bond angles was carried out by CNS [48] . Analysis of the stereochemical quality of the combined with the known tilt angle of the tilted micrographs were used to calculate the projection direction of the corresponding view models was accomplished using PROCHECK [53]. The refinement statistics are summarized in Table 3 , and a representative part of in the tilted exposure. Reconstruction was performed using a weighted back-projection algorithm [40, 41] . The final resolution of the electron density map is shown in Figure 5 . Superposition of different structures was carried out by Swiss-PdbViewer [54] . The the three-dimensional structure was ‫73ف‬ Å . At this resolution, the handedness of the structure cannot be distinguished.
sequence alignment was carried out with the help of ALSCRIPT [55] . 
Acknowledgments Crystallization and X-Ray Structure Solution

